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 Sound quality is an important factor in 
the design of competitive engines
 Gear rattle is a phenomenon that can 
greatly affect the quality of the overall 
diesel engine sound
 Currently used metrics (such as A-
weighed Sound Pressure Level) might 
not adequately address the role of gear 
rattle noise on the overall sound quality 
of the engine 
 An understanding of human’s response 
to the gear rattle noise is needed
 Simulations are needed for use in psychoacoustic tests designed to 
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Gear Rattle Mechanism Background
5
Stable (No Rattle) if:

Td4  I4
Ý  4 (t)













* Cylinder firing events cause the inertial 
torque to exceed the drag torque 
(causing an impact) 
Simulation Background
6
• Can we simulate sounds with gear rattle?
• Model rattle as impulsive events
- Timing is keyed to combustion events

A1(t  t1) A2(t  t2)K















• Simulation model developed using the difference between 
measurements with high and low amounts of gear rattle as a 
guide
- The scissor gear data was used as the baseline (low gear 
rattle) measurement
- The 0.010 backlash measurement was selected as the ‘high 
gear rattle’ case 
• Assumptions for simulation development:
- Rattle noise is independent of other engine noise
- Teeth impact events occur due to pulsations in torque caused 


































Synchronizing to Baseline Measurement
• Instantaneous frequency tracks deterministic variation of speed 
of the engine and is used to synchronize of the gear rattle pulse 
train with the operation of engine
- Baseline (Scissor Gear) signal was band-pass filtered around 
the firing frequency of the operating speed
- Instantaneous frequency is calculated using the Hilbert 
Transform
• A sine wave with the instantaneous frequency characteristics as 























• The placement of the first impact is determined by

T1(n)  Tsync(n)R1(n)[Tsync(n 1) Tsync(n)]
Period between current and 
subsequent firing events 
Value chosen from uniformly 
distributed random sequence














• The placement of the second impact is determined by

T2(n)  T1(n) (PSI R2(n))[Tsync(n 1) Tsync(n)]
Delay from first impact (fraction of the 
current period between firings)
• Amplitude assigned to impacts is based on random sequence with uniform 
distribution





























• Goals of the filter design:
- Estimate the spectral characteristics of rattle events
- Filter pulse train to sound like gear rattle impact events
• Filter was designed as follows:
• Assume ‘diesel’ and ‘rattle’ noise are independent, so

SxR xR ( f )  SxHR xHR ( f ) GSxDxD ( f )
PSD of signal with high 
rattle [Acadia .010 Backlash]
PSD of signal with little rattle noise
[Acadia Baseline – Scissor Gear]
PSD of rattle noise signal
PSD of generated pulse train

Hrattle filter ( f ) 
SxR xR ( f )
SxPT xPT ( f )

SxR xR ( f )  SxPT xPT ( f ) Hrattle filter( f )
2
• Solve for the PSD of the rattle noise




















• The gear rattle impact events were judged 
to sound too ‘dull’ or ‘wooden’
• In order to produce a metallic-sounding 
impact event, the damping of certain 
components of the impulse response of 
the filter was decreased
• A tap-test was performed at Cummins to 
identify resonant characteristics of the 
loaded gears and front cover
• A Prony series analysis was used to model 
the impulse response
- Damping was reduced in selected 
terms with frequencies close to those 






































































Baseline 85.1 59.3 5.8 1.51 0.10
.010 Backlash 88.0 72.0 7.2 1.48 0.07
.010 Backlash 
Simulation




























• A simulation method has been developed to generate realistic 
sounding time histories with varying levels of gear rattle noise
• The independent control of the gear rattle noise with respect to 
the baseline engine noise was a useful tool in determining 
thresholds of detection and perception of growth of gear rattle
• The understanding gained from the development of this 
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